Herpes simplex virus type 1 (HSV-1) and varicella-zoster virus (VZV) establish lifelong latent infections in human sensory ganglia, processes that have been investigated extensively but are still not fully elucidated. It is well established that during latency, infectious HSV-1 and VZV particles are not produced (40, 41, 56) , but small subsets of their genes are expressed (11, 12, 13, 21, 25, 27, 31, 35, 44, 52) . These latent viruses, however, are subject to single or multiple rounds of reactivation and can result in recrudescent disease (7, 59). For HSV, gene expression in latency is extremely restricted in that only the latency-associated transcripts (LAT) accumulate to levels high enough to be detected by in situ hybridization (ISH) (4, 11, 13, 44, 49, 50, 52) . Although there is no confirmation that LAT encodes a protein that regulates HSV latency and reactivation, it has been documented that the 5Ј portion of the LAT gene facilitates the efficient establishment and reactivation from latency in experimentally infected animals (3, 10, 16, 23, 38, 48, 54, 55) .
Herpes simplex virus type 1 (HSV-1) and varicella-zoster virus (VZV) establish lifelong latent infections in human sensory ganglia, processes that have been investigated extensively but are still not fully elucidated. It is well established that during latency, infectious HSV-1 and VZV particles are not produced (40, 41, 56) , but small subsets of their genes are expressed (11, 12, 13, 21, 25, 27, 31, 35, 44, 52) . These latent viruses, however, are subject to single or multiple rounds of reactivation and can result in recrudescent disease (7, 59) . For HSV, gene expression in latency is extremely restricted in that only the latency-associated transcripts (LAT) accumulate to levels high enough to be detected by in situ hybridization (ISH) (4, 11, 13, 44, 49, 50, 52) . Although there is no confirmation that LAT encodes a protein that regulates HSV latency and reactivation, it has been documented that the 5Ј portion of the LAT gene facilitates the efficient establishment and reactivation from latency in experimentally infected animals (3, 10, 16, 23, 38, 48, 54, 55) .
The discovery and detection of LAT by ISH enabled an indirect estimate of the percentages of animal and human sensory ganglion neurons that are latently infected. ISH studies in our laboratory, for example, showed that LAT can be detected in 0.2 to 4.3% of the neurons in human trigeminal ganglia (TG) (11) , a range similar to that reported for experimentally infected mice, rabbits, and guinea pigs (4, 22, 44) . Because the in situ detection of LAT is merely a surrogate marker for HSV latency, it is possible that many more neurons are latently infected but their LAT expression or accumulation is too low to be detected by this technique. In accord with this possibility, a variety of tools have been used to better estimate the numbers of HSV-1 DNA-containing neurons in experimental animals, including in situ PCR (27, 33, 34, 42, 43) , contextual analysis (45, 47) , and laser-capture microdissection (LCM) (6) . These studies revealed that, in mice and rats, neurons that are LAT positive by ISH represent but a fraction of those harboring HSV-1 DNA (6, 33, 42, 45) .
In the past several years, using real-time DNA PCR assays, the latent HSV-1 DNA load in human TG was estimated to be hundreds to thousands of copies/g of total ganglion DNA (9, 39) , suggesting that a higher proportion of cells might be latently infected than are identified by ISH. The actual percentages of neurons that harbor latent HSV-1 DNA and the ranges of viral genome copy numbers in individual neurons, however, were addressed more directly only recently by PCR of dissociated human TG cells (5) .
As complex as the analysis of HSV latency in human ganglia has been, studies of the cellular distribution of latent VZV DNA in human ganglia have been even more so, despite numerous attempts using ISH (12, 21, 25, 27, 31) , in situ PCR (17, 27) , immunohistochemical staining (8, 26, 32, 36) , and PCR of dissociated ganglion cells (28, 30) . There had long remained controversy, for example, as to which cells primarily harbor latent VZV. Our laboratory reported many years ago, for example, that by ISH, VZV transcripts were most evident in nonneuronal, satellite cells (12) . Yet, aggregate data from many other laboratories have since built a compelling case that the primary cellular locus of VZV latency is the sensory neuron (17, 21, 25, 27, 28, 30) , although the percentages of neurons reported to be VZV positive in these prior studies have ranged very widely, from 0 to 1.5% of cells in some studies to 20 to 30% of cells in others, depending on the methodologies employed (25, 30, 31) .
To further refine estimates of the cellular distribution of latent HSV-1 infection and to clarify the cellular locus and distribution of latent VZV infection in human TG, we have been exploring the use of LCM, a method for visualizing and procuring single cells from conventional histological sections for analysis. LCM utilizes an infrared laser integrated into a microscope to activate a small area of a thermoplastic membrane attached to a transparent cap that is placed directly on the surface of the section mounted on a glass slide. When heated by the laser pulse, the membrane is activated, causing it to bind the targeted cells below it ( Fig. 1) so that their DNA, RNA, or protein contents can be extracted for analyses (19) . To date, LCM has been used primarily for analyses of gene expression profiles in cancer cells (14, 18, 20) . By using LCM followed by real-time PCR assays (LCM/PCR) for HSV-1 and VZV DNA in human TG and comparing the results with those of ISH for LAT, we have documented the persistence of HSV-1 in a percentage of human neurons, of which only a subset accumulates detectable LAT. Moreover, we detect VZV DNA in a moderate percentage of neurons, with little or no viral DNA in nonneuronal cells.
MATERIALS AND METHODS
TG and serum samples. TG were collected at autopsy at a postmortem interval of less than 24 h from 11 subjects, whose salient historical and clinical features are summarized in Table 1 , and were immediately fixed in 10% formalin in phosphate-buffered saline at room temperature overnight and then embedded in paraffin. One TG of each subject from whom serum was not available for antibody assays was snap-frozen on dry ice and stored at Ϫ80°C for later extraction of total DNA and determination of the status of HSV-1 and VZV infection. From 7 of the 11 subjects postmortem serum samples were collected and frozen at Ϫ20°C for later serological testing.
Serological analyses. Titers of type-specific human serum antibodies against HSV-1 were determined by means of Western blot analysis in the laboratory of Rhoda Ashley at the University of Washington in Seattle, as described previously (1) . Titers of serum antibodies to VZV were determined in the Department of Clinical Pathology, Clinical Center, National Institutes of Health, using the Captia VZV immunoglobulin G kit (Trinity Biotech USA, New York), according to the manufacturer's instructions. With these assays we determined that all subjects tested were seropositive for both VZV and HSV-1, with the exception of subjects 701 and 710, who lacked detectable circulating antibodies to HSV-1.
HSV-2 LAT transgenic mice. TG from the HSV-2 LAT transgenic mice we engineered and have described previously (57) were used to help define the efficiency of LCM in recovering individual neurons and the overall sensitivity of the assay. For these experiments, TG harvested from transgenic line 5238, which bears ϳ40 copies of the transgene/cell, were processed as described above for human TG.
In situ hybridization. RNA sequences antisense to LAT, corresponding to nucleotides 119,505 to 120,669 of the HSV-1 genome, were transcribed in vitro from plasmid pG.1LAT using a SP6/T7 transcription kit (Roche Molecular Biochemicals), according to the manufacturer's instructions. This RNA product was then fragmented by partial alkaline hydrolysis. Briefly, a 100-l reaction mixture containing 48 l of RNA, 10 mM dithiothreitol, 60 mM Na 2 CO 3 , and 40 mM NaHCO 3 was incubated at 64°C for 50 min. The reaction mixture was then chilled on ice, 5 l of 10% glacial acetic acid and 10 l of 4 M sodium acetate, pH 5.2, were added to it and mixed, 300 l of cold (Ϫ20°C) ethanol was then added, and the mixture was incubated at Ϫ20°C overnight. After centrifugation at 18,000 ϫ g, the pellet was washed with 70% ethanol and resuspended in 40 l of RNase-free water.
To prepare the biotin-labeled RNA probe, 5 g of RNA in 20 l Tris-EDTA buffer was mixed with 20 l of 1 g/l PHOTOPROBE biotin reagent (Vector Laboratories, Burlingame, Calif.), according to the manufacturer's instructions for the thermal coupling method. Briefly, the reaction mixture was covered with 30 l of mineral oil and incubated at 95°C for 30 min. The aqueous phase was FIG. 1. Schematic representation of LCM. An infrared laser is integrated into a PixCell II microscope. A cap containing a transparent, thermoplastic membrane is placed directly on the surface of a tissue section on a glass slide. A laser pulse heats and activates a defined area of the membrane, causing it to adhere to (A) and bind the targeted portion of the tissue (B). DNA is then extracted from the captured cells for PCR analyses. taken and mixed with 40 l RNase-free water, 80 l of 100 mM Tris-HCl pH 9.5, and extracted twice with 160 l of 2-butanol to remove the unincorporated biotin. The aqueous phase recovered from this extraction procedure was supplemented with 10 l of 10 M ammonium acetate, 2 l of 1 M MgCl 2 , and 125 l of cold (Ϫ20°C) ethanol and then incubated at Ϫ20°C for 15 min. After centrifugation at 18,000 ϫ g for 15 min, the pellet was washed with 70% ethanol and resuspended in 40 l Tris-EDTA buffer. This probe was stored at Ϫ80°C in aliquots sufficient for individual reactions. ISH was then performed, as described previously (11), with some modifications required to adapt the procedure for the use of the biotinylated probe and so that the sections could be later subjected to LCM. Briefly, TG sections were deparaffinized twice in serial xylene baths for 5 min each; incubations were carried out at room temperature unless otherwise specified, followed by rehydration sequentially in 100%, 100%, 95%, 70%, and 50% ethanol for 2 min each and 1 min twice in water. Slides were then transferred to 0.2 N HCl for 20 min, rinsed in water, treated with prewarmed 25 g/ml proteinase K, 10 mM Tris-HCl, pH 7.4, 2 mM CaCl 2 at 37°C for 15 min, and finally rinsed in water. Acetylation was performed by incubating the slides in freshly prepared 0.25% (vol/vol) acetic anhydride/1.33% (vol/vol) triethanolamine at pH 8.0 for 10 min and finally rinsing the slides in water. Excess water was wiped from the slides, taking care to not touch the tissue sections themselves. Then, 30 l of prehybridization solution (50% formamide, 2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 50 mM Tris, 1 mM EDTA, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 500 g/ml tRNA, 500 g/ml bovine serum albumin) was added onto each section. One minute later the liquid was drained, another 20 l of the prehybridization solution was added onto each section, and then the section was covered with a glass coverslip. After incubation at 42°C for 2 h, the coverslip was removed and 30 l of hybridization solution (50% formamide, 20% dextran sulfate, 1 mM EDTA, 10 mM dithiothreitol, 300 mM NaCl, 50 mM Tris-HCl, pH 7.4, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 500 g/ml tRNA, 500 g/ml bovine serum albumin) with 500 ng/ml of heat-denatured (65°C for 20 min) probe was added. New coverslips were applied, the edges were sealed with rubber cement, and slides were incubated at 55°C overnight. The next day, after the sealant and coverslips were carefully removed, slides were washed twice with 2ϫ SSC for 10 min each at room temperature, twice at 55°C for 20 min each with buffer containing 2ϫ SSC, 1 mM EDTA, and 0.1% Triton X-100, and once more for 30 min at 55°C with buffer containing 0.1ϫ SSC, 1 mM EDTA, and 0.1% Triton X-100. To remove any unhybridized RNA probe, sections were treated with an RNase mixture containing 40 g/ml RNase A, 10 U/ml RNase T 1 , 10 mM Tris-HCl, pH 7.4, and 300 mM NaCl, incubated at 37°C for 40 min, and finally washed twice for 20 min each with 2ϫ SSC at 55°C. To detect the hybridized probe, slides were incubated in a blocking solution of 1ϫ casein in 100 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20 (TBST) for 40 min. Horseradish peroxidase-streptavidin (Vector Laboratories) was added to the blocking solution to yield a final concentration of 4 g/ml, and slides were incubated for another 30 min. After three washes in TBST, the slides were developed using a TMB substrate kit for horseradish peroxidase (Vector Laboratories) for 5 min and then rinsed in water. Slides were dehydrated in graded 70%, 95%, 100%, and 100% ethanol for 1 min each and 1 min twice in xylene, and then air dried.
LCM. Serial 5-m sections from different anatomical regions of each TG were cut from each tissue block and mounted on plain glass slides. In order to better represent the neurons in whole ganglia with limited numbers of cells that can be processed by LCM/PCR, cells from the first, middle, and last 10 slides of a ganglion were selected for LCM. The tissue sections were deparaffinized twice in xylene at room temperature for 5 min each and then air dried. LCM was performed using a PixCell II (Arcturus Engineering, Inc., Mountain View, Calif.). The laser beam was set to be 7.5 m in diameter, with a power of 25 to 35 mW and for 30 to 40 ms in duration. These optimal settings were selected for capturing single neurons from human TG without apparent contamination with adjacent cells. After placing CapSure LCM caps (Arcturus Engineering, Inc.) on top of each tissue section, single neurons with visible nuclei were chosen under the microscope and a laser pulse was fired to capture that neuron onto the cap. Satellite cells, hundreds on each cap, were harvested only after all of the neurons in the desired area were removed.
To procure LAT-positive and LAT-negative neurons separately, sections were first subjected to ISH for HSV-1 LAT, as described in the previous section. The in situ-stained cells were then visualized and photomicrographed while the sections were still covered with xylene. After each section was air dried, LATpositive and -negative cells were identified with the guidance of the photographs and captured using LCM.
DNA extraction of LCM samples. Caps with captured cells were inserted into 0.5-ml GeneAmp tubes (Applied Biosystems) containing 14 or 50 l of DNA extraction buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1% Tween 20, and freshly added proteinase K to yield 0.04%) for single neurons or multiple satellite cells, respectively. At 37°C overnight, the tubes were incubated upside down so that all captured cells were covered with the extraction buffer. After 1 min of centrifugation at 18,000 ϫ g, the caps were removed and the tubes were sealed and heated at 95°C for 8 min to inactivate any remaining proteinase K. From each sample, 12 l/reaction mixture was subjected to real-time PCR specific for HSV-1 glycoprotein G (gG) or VZV immediate-early gene 62, as described previously (39) . The sequences of the primers and probes used are shown in Table 2 . Each 25 l of the PCR mixture contained 12.5 l of 2ϫ Universal TaqMan PCR master mix (Applied Biosystems), forward and reverse primers at a final concentration of 1.0 M each, 0.2 M of probe, and 12 l of DNA extract from the LCM sample. In every PCR assay performed, four no-template control reactions and a standard panel of DNA copy-number reference samples were run. Each reference panel consisted of six dilutions of the pcDNA3.gG1 plasmid DNA for quantifying HSV-1 DNA, or pCMV62 DNA for VZV DNA, at 1.5, 5, 50, 500, 5,000, or 50,000 copies/reaction mixture. All standards were run in duplicate. All reactions were carried out in an ABI PRISM 7700 sequence detector (Applied Biosystems, Foster City, CA) with optimized thermal cycle conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 20 seconds and 60°C for 1 min. By comparing the threshold cycle (Ct) of each sample to the Cts from the standard reference panel, the copy number of each experimental reaction was then determined. To estimate the cellular genome content of LCM samples of satellite cells, 24 l out of 50 l DNA extract from each cap with satellite cells was subjected to PCR in duplicate with primers and probes specific for human albumin, with human genomic DNA (Applied Biosystems) as copy number reference.
Statistical analyses. Analysis of variance and linear regression analyses were performed with the computer software package JMP version 3.0 (SAS Institute, Cary, NC).
RESULTS
LCM/PCR detection of viral DNA in single cells is sensitive, specific, and efficient. Extensive developmental work was undertaken to define the operational characteristics and limits of the LCM/PCR assays for detecting viral DNA sequences in single human neurons. We began by determining the optimal LCM pulse characteristics. In this regard, we determined microscopically that the diameter of human TG neurons in fixed tissue sections ranged from 25 to 60 m. When the energy and diameter of the laser beam were set for each desired TG neuron, as specified in Materials and Methods, it activated an area of the thermal membrane slightly smaller than the diameter of that cell, such that the content of the targeted single neuron was captured while all surrounding satellite and other nonneuronal cells were left attached to the slide (Fig. 2) . Even though we performed LCM only on cells whose nuclei were visible in the section, because of both the depth of the tissue sections and potential inefficiencies in extraction and detection, we expected that the DNA recovered from each cell might represent only a fraction of its entire content. Thus, we set out to estimate the efficiency of cellular DNA recovery and detection by LCM/PCR. To this end, we first tested the LCM/ PCR efficiency of single neurons recovered from TG sections of heterozygous HSV-2 LAT transgenic mice that we had engineered and estimated previously by Southern hybridization to harbor about 40 copies of the LAT transgene/cell (57) instead of directly testing single neurons from human TG, because the copy number of the cellular gene is too low to be detected. By LCM/PCR an average of 37.4 Ϯ 3.6 (standard error of the mean) copies of the HSV-2 LAT genomic sequence were detected from DNA extracted from single TG neurons of the transgenic mice. The result was not affected by adding 10 ng of human genomic DNA or total RNA isolated from the transgenic mouse liver in an amount equivalent to about 5,000 copies of LAT RNA. Thus, by this method, it appeared that the combined efficiency of LCM/PCR in recovering DNA from a single neuron was roughly 93.4 Ϯ 9%.
The combined efficiency of LCM/PCR of sensory neurons from human TG was also examined by subjecting DNA extracted from LCM caps containing known numbers (50 to 250) of neurons to PCR with primers and a probe for the human albumin gene (there are two copies of the gene per cell). Based on the numbers of albumin gene copies recovered, we estimated an efficiency of 64 Ϯ 15% for LCM/PCR of neurons from human TG sections. Considering that the diameter of a human neuronal nucleus is greater than the thickness of a 5-m tissue section, it is likely that portions of human nuclei were excluded from the sections. This is evident by observing a neuronal nucleus on both of two adjacent sections under microscopy. By comparing the diameters of human neuronal nuclei with that of mouse neuronal nuclei microscopically, we found that the diameter of the mouse neuronal nucleus is about three-fourths that of its human equivalent. This could explain the difference in efficiency of neuronal DNA recovery, being 64% for human sections and 93% for mouse sections, because the 5-m section contained a greater percentage of the mouse nucleus. Nonetheless, by two independent techniques, we determined that LCM/PCR detects the majority of the DNA content of a single neuron.
The sensitivity and specificity of the PCR assay for HSV-1 gG and VZV ORF62 sequences were first determined by analyses of serial dilutions of plasmid standards. We routinely detected Ն5 copies of target sequences in a 25-l reaction mixture with or without carrier DNA when all HSV-1-negative DNA samples were read as negative. Assay specificity was then further determined by testing DNA from single neurons recovered from HSV-1-seronegative subject 701 in parallel with every assay of samples from HSV-1-positive subjects. When the cutoff threshold was set at Ͻ5 copies/reaction mixture, 1 out of a total of 119 independent reactions with DNA from subject 701 was read as positive (equivalent to 12 copies of gG1), being the only occasion, or false positive, detected from HSV-1-seronegative samples. These data suggest that, as performed, the LCM/PCR assay yields a real but very low rate of false-positive reactions.
HSV-1 genome copy numbers vary widely in individual PCR-positive neurons. From 119 to 235 single neurons were microdissected from sections of each of six study subjects and analyzed for HSV-1 DNA by means of real-time PCR with primers and a probe specific for gG sequences. Among 970 single neurons from five HSV-1-positive subjects (three of whom were seropositive, while HSV-1 DNA was detected from the total TG DNA of subjects 702 and 711, from whom postmortem sera were not available), 61 cells were PCR positive for gG sequences, with copy numbers/cell ranging from 5 (the limit of assay sensitivity) to 3,955 and a median of 11.3 genome copies/positive cell ( Table 3 Յ10 copies and 28% had Ն10 but Յ20 copies per neuron. In 14% of the DNA-positive cells, however, the viral DNA copy numbers were Ն100, and a few of them were Ն1,000 copies/ cell (Fig. 3) .
More neurons contain HSV-1 DNA than are found to contain LAT. As indicated in Table 3 , the percentages of neurons positive for HSV-1 DNA ranged from 2.0 to 10.5% in the five HSV-1-positive subjects. This range of percentages is higher than the 0.2 to 4% of LAT-positive neurons we reported previously in human TG using ISH (11) , and similar percentages have been found by others in their ISH studies of infected animals (4, 22, 44) .
To determine whether the percentages of LAT-positive neurons in the TG studied now differ from those prior observations, sections adjacent to ones from which single neurons were captured for LCM/PCR were subjected to ISH using a biotinylated cRNA probe antisense to HSV-1 LAT and visualized with streptavidin-conjugated peroxidase and its substrate, TMB (Fig. 4) . Even though some of our preparatory work (data not shown) suggested that the nonradioactive probe used here is less sensitive than the radioactive probe we had used in our previous ISH studies, we found that the percentages of LAT-positive neurons were similar to those previously reported (11), being 0.4, 1.2, 1.5, and 0.2% in TG of subjects 702, 703, 704, and 711, respectively. In these four subjects the percentages of their neurons positive for HSV-1 DNA were 2.0, 7.3, 10.5, and 9.8%, respectively. The percentages of HSV-1 DNA-positive neurons were 5-to 41-fold higher than those positive for LAT by ISH (Fig. 5) . This finding strongly suggests that there are neurons with HSV-1 DNA detectable by PCR that are not ISH positive for LAT.
HSV-1 DNA is detected in LAT-negative neurons. To determine that HSV-1 DNA is detectable in LAT-negative neurons in human TG, as reported in mice (6), single neurons were microdissected from sections of human TG from subjects 702, 703, 709, and 711 after undergoing ISH for LAT. As shown in Fig. 6 , HSV-1 DNA was detected from 4, 6, 11, and 7% of LAT-negative neurons from these subjects, respectively, while among LAT-positive neurons the percentages of cells positive for HSV-1 DNA were 27, 21, 16, and 40%, respectively.
A comparison of the HSV-1 DNA content in single LATpositive neurons with that in LAT-negative ones is shown in Table 4 . Since the percentage of LAT-positive neurons in these sections proved very low (e.g., 4/1,000, or 0.4%), most of the HSV-1 DNA-positive cells (e.g., 63/1,000, or 6.3%) did not accumulate LAT to levels detectable by ISH. On the other hand, the HSV-1 genome copy numbers in the positive neurons of these two groups were comparable, with medians of 18 and 12 copies in LAT-positive and LAT-negative neurons, respectively.
Detection of VZV DNA in human TG neurons. From 10 subjects, 146 to 209 single neurons were captured from their TG sections by LCM and analyzed for VZV DNA content using PCR primers and a probe specific for the diploid VZV gene 62 ( Table 2 ). The percentages of VZV DNA-positive neurons ranged from 1.0 to 6.9%, with the median VZV genome copy numbers among positive neurons ranging from 4.5 to 29.8 (Table 5) . Overall, a total of 4.1% (71 out of 1722) of the neurons were found to harbor 2.6 to 5,773 copies of the VZV genome, with a median of 6.9 copies per positive cell. Among the VZV DNA-positive neurons, 70% harbored Յ20 viral genomes while 9% harbored Ն100 copies (Fig. 3) .
HSV-1 and VZV DNAs are rarely detected in satellite cells. To determine if HSV-1 and VZV DNAs can be found in nonneuronal cells, hundreds of satellite cells were microdis-FIG. 5. More neurons contain HSV-1 DNA than are found to contain LAT. DNA extracted from LCM caps bearing single neurons was subjected to real-time PCR for HSV-1 gG sequences. Adjacent sections were subjected to ISH for HSV-1 LAT. For sections of all four subjects studied, the percentages (2.0, 7.3, 10.5, and 9.8) of neurons that were PCR positive for HSV-1 DNA (DNAϩ) were higher than the percentages (0.4, 1.2, 1.5, and 0.2) of cells that were LAT positive (LATϩ).
FIG. 6. HSV-1 DNA is detected in LAT-negative neurons. Single LAT-positive or LAT-negative neurons dissected from human TG sections, as shown in Fig. 4 , of subjects 702, 703, 709, and 711 were subjected to real-time PCR for HSV-1 gG sequences. HSV-1 DNA was detected in 4, 6, 11, and 7% of LAT-negative neurons, respectively. In LAT-positive neurons, the percentages of viral DNA-positive cells were higher, at 27, 21, 16, and 40%, respectively. sected from regions of the TG sections from which all neurons had been removed (Fig. 2) . A portion of the DNA extracted from each cap was used to determine the cellular genome copy number, while the remaining DNA was assayed by PCR for gG1 or ORF62 sequences. In this manner, among 13 LCM caps prepared from sections of subjects 702, 704, 709, and 711, a total of ϳ5,200 satellite cells were assayed and 21 copies of HSV-1 gG sequences were detected. In an additional set of 21 caps from subjects 701, 709, 710, 711, 714, and 726, in which a total of ϳ14,200 cellular genomes were detected, only one sample was positive for nine copies of the VZV genome.
DISCUSSION
We developed and characterized combined LCM/PCR assays by which we could efficiently and specifically detect and quantify HSV-1 and VZV genomic sequences in single human neuronal cells. Using these assays on thousands of individual neurons and aggregates of nonneuronal cells, we have been able to further refine our understanding of the cellular distribution and estimates of the numbers of copies of latent viral DNA sequences in human TG cells.
Because LCM/PCR detects viral DNA while ISH detects LAT RNA, which is a highly stable and amplified species, the limits of their detection in our assay systems are dependent on the viral DNA load and the LAT accumulation levels in a particular neuron. Neurons that harbor copy numbers of viral DNA that are close to, or lower than, the sensitivity of the LCM/PCR assay may accumulate different amounts of LAT, ranging from a few copies to hundreds of copies of LAT per viral genome. Those neurons may not be able to be identified by the LCM/PCR methods for viral DNA, but those accumulating high levels of LAT can be detected by ISH for LAT. Thus, ISH may be more sensitive for detecting latency in such neurons. When the viral DNA load exceeds the sensitivity limitation of LCM/PCR, this method is more sensitive than ISH for LAT, as we verified by showing that the majority of HSV-1 DNA-positive neurons are ISH negative for LAT.
By using the LCM/PCR method, we determined that a mean of 6.3% of human TG neurons are HSV-1 DNA positive (Table 3) . These numbers are lower than the percentages reported for experimentally infected mice, i.e., 7.3 to 32% by contextual analysis (45, 47) or 35% by LCM/PCR (6) . It is most probable that the differences between what we observed in human cells and what has been observed in mice is due to the high virus inocula and route of infection used in mice, as have been discussed in the literature (45) , and the short interval between infection and death in experimental mice, rather than representing technical differences among the assays employed. This explanation is supported by the independent observation in dissociated ganglionic cells that only some 3% of human TG neurons are PCR positive for HSV-1 DNA (5).
The HSV-1 genome copy number in individual neurons varied over 3 orders of magnitude (Fig. 3) . The majority of HSV-1 DNA-positive neurons harbored, however, Յ20 copies of HSV-1 genome. Considering that the method we used was not able to identify neurons with less than 5 copies of viral DNA, the percentages of latently infected neurons and those harboring Յ20 copies of viral DNA should be even higher than we estimated here. On the other hand, 3% of the viral genomepositive neurons contained Ն1,000 copies of viral genome. This result is very similar to what has been found in mice by PCR of dissociated ganglion neurons (45) or by LCM/PCR (6). Our finding here by means of LCM/PCR that indicated that there are only a median of 11.3 HSV-1 genome copies/DNApositive neuron proved to be concordant with what we ourselves estimated several years ago by real-time PCR of total DNA isolated from latently infected human TG, namely, that there are about 28 or more HSV-1 genome copies in LATpositive neurons (39) . Our findings here also are in concordance with estimates made by PCR of dissociated human TG in which HSV-1 DNA was found in 3% of the neurons and the viral DNA copy numbers ranged from 2 to 50 (5). It is not clear, however, whether the presence of higher levels of latent genomes in a cell indicates that they are undergoing, or are more inclined to undergo, reactivation. In this regard, we had shown in experimentally infected guinea pigs that higher total latent viral loads in a ganglion are associated with higher rates of genital disease reactivation (24, 29) , but it was not known in those experiments whether more neurons were latently infected or whether neurons carried more copies of latent HSV DNA. It has been reported that in mice the HSV-1 strain KOS, which reactivates poorly, has less viral genome copies per positive neuron than the two other strains, 17synϩ and McKrae, which reactivate more frequently (46) .
The combination of ISH and LCM/PCR techniques enabled us for the first time to analyze both LAT accumulation and HSV-1 DNA content in the very same neuron in human TG. By so doing, we demonstrated that the percentages of HSV-1 DNA-positive neurons in human TG were higher than the percentages of neurons that were found to be positive for LAT by ISH, consistent with recent parallel LCM and ISH studies of infected mice (6) . In our human subjects, the percentages of DNA PCR-positive neurons were between 5.1 and 41 times more than the percentages of neurons that we found to be ISH positive for LAT (Fig. 5) . In other words, neurons positive for LAT by ISH only represent a fraction of the entire pool of latently infected neurons. This finding may reflect a greater sensitivity of PCR for viral DNA than of ISH for LAT. The novel and more important message from our study is that in human TG not all latently infected neurons accumulate LAT to a high level, raising the questions of why and how the accumulation of LAT is regulated during latent infection. Given the observation in animals that HSV mutants impaired for LAT expression are able to establish and maintain latency in sensory neurons (2, 15, 37, 54, 57, 58) , it is not entirely surprising to find latently infected human TG neurons in which LAT is not detectable by ISH. Our observations indicate that even in humans, the natural hosts for HSV-1, persistent substantial accumulation of LAT is not essential for HSV-1 to maintain latency. One is inclined to ask whether LAT accumulation is stable over the long term, which in the case of our human subjects amounted to decades from the likely times of their primary infections to death, and whether alterations, if any, in LAT accumulation are associated with periods of virus reactivation. That our LCM/PCR method can only recover and reliably detect about 64% of the entire DNA content of a single human neuron and the fact that we detected HSV-1 DNA in only 16% to 40% of LAT-positive cells (Fig. 6) indicate that the percentages of latently infected neurons and the copy numbers of viral DNAs in neurons are likely even greater than we estimated from the LCM/PCR data. Moreover, it is reasonable to assume that there are latently infected neurons containing quantities of latent viral DNA below the assay sensitivity threshold of 5 copies/cell. Therefore, we conclude that HSV-1 latent infection in human TG is more pervasive than previously estimated by ISH for LAT.
HSV-1 LAT has not been detected in satellite cells in latently infected human or experimental animal TG by ISH, in situ PCR, and PCR of dissociated TG cells (11, 13, 34, 44, 45, (51) (52) (53) . There was also no LAT ISH signal seen over nonneuronal cells in all of the sections in this study. Thus, the 21 copies of HSV-1 gG sequences detected in ϳ5,200 satellite cells may reflect the very low level of false-positive reactions we identified in LCM/PCR studies and/or may be due to a low-level contamination with neurons amid the satellite cell samples.
Seventeen years ago, our laboratory reported that by ISH VZV RNA was only detected in satellite cells of human TG (12) . Since then, the cumulative data from other laboratories have built a compelling case that VZV persists predominantly in neurons (17, 21, 25, 27, 28, 30) . By real-time PCR of 1,722 single human TG neurons harvested by LCM, we detected VZV DNA in 4.1% of them. That we found VZV DNA in these few neurons is in accordance with recent data using dissociated human TG (28, 30) but is far less than the percentages reported by Lungu et al. using an immunohistochemical technique (32) . This suggests either that the immunohistochemical method is far more sensitive than the LCM/PCR technique or, alternatively, that the immunohistochemical assays themselves may have yielded false-positive reactions.
Despite our prior report of VZV RNA in nonneuronal cells (12), we detected here only nine copies of the VZV genome in 14,200 satellite cells. It is not known whether this indicates that there is a small reservoir of latent VZV DNA in nonneuronal cells, spread of subclinically reactivating virus, or that the genome copies detected were due to the recovery of a satellite cell sample which could have been contaminated with very small numbers of latently infected neurons or represented the low level of false-positive reactions that we determined can occur in LCM/PCR studies. Nonetheless, we can safely conclude today that VZV persists in human TG predominantly, if not exclusively, in sensory neurons.
